5-Methylcytosine (5mC) is a major epigenetic modification in animals. The programming and inheritance of parental DNA methylomes ensures the compatibility for totipotency and embryonic development. In vertebrates, the DNA methylomes of sperm and oocyte are significantly different. During early embryogenesis, the paternal and maternal methylomes will reset to the same state. Herein, we focus on recent advances in how offspring obtain the DNA methylation information from parents in vertebrates.
5-Methylcytosine (5mC) represents a key epigenetic modification that was found in most plants, animals, and fungal models (30) and has a profound impact on genome stability, gene expression, and development (23, 44, 52) . The genome of the animal kingdom varies from undetectable 5mC in some of the nematodes, such as C. elegans, to partially methylated in invertebrate genomes (54) , such as sea urchin (4) and sea squirt (49) , to the highest levels of 5mC in vertebrate genomes (9, 60) . The variety of animal DNA methylation patterns suggests the different functions of the DNA methylation in different animals during evolution (6) . For a long time, it was believed that epigenetic information usually cannot be transferred to the next generation in animals (8, 10, 30) . However, recent studies show that sperm DNA methylome can be stably inherited by early embryos in zebrafish (24, 43) , indicating the transgenerational epigenetic inheritance in animals. Epigenetic states can be affected by environment stress. If these changes can be transferred to the next generation, then the epigenetics can be similar to the genetic information that may facilitate the adaptive evolution of the animals in response to the environmental stress. This review discusses the DNA methylation, focusing on the inheritance and programming, as well as mechanisms and biological significance of DNA methylation programming, in the gametes and early embryonic development in vertebrates to illustrate the potential role of DNA methylation during evolution.
Sperm DNA Methylome is Inherited in Zebrafish
Compelling evidence supports that DNA methylation is essential for normal development and is associated with a number of key processes, including genomic imprinting, X-chromosome inactivation, suppression of repetitive elements, etc. (23, 31, 46) . DNA methylation in animals mainly presents in the CpG dinucleotides, which can be maintained by DNA methyltransferase1 (DNMT1) during cell division (3) . In zebrafish, the DNA methylomes are significantly different between sperm and oocyte (20, 24) . After fertilization, programming takes place to achieve DNA methylation equivalence between parental genomes in early embryos, which also ensures the totipotency of early embryos. Recent study shows that zebrafish paternal DNA stably maintains sperm DNA methylome after fertilization until the midblastula (MBT) stage (24) , whereas maternal DNA maintains oocyte DNA methylome pattern before the 16-cell stage (24) then programs to sperm methylome pattern by the MBT stage (24) (FIGURE 1). Therefore, both DNA methylomes of paternal and maternal genomes are identical to sperm methylome pattern in the MBT stage. Since the majority of genes are biallelically expressed except imprinting genes, programming the paternal and maternal DNA methylome to the same pattern is important for gene expression. Interestingly, the MBT stage is also the stage that zygotic genome expression is activated, suggesting that the programming of DNA methylome facilitates the zygotic genome activation.
Zebrafish early embryos inheriting sperm methylome pattern can facilitate the temporal regulation of gene expression (20, 24) . For example, the methylation states of a number of genes, especially the ones related to embryonic development, are unmethylated or lowly methylated in sperm but highly methylated in oocyte. Thus, by inheriting this methylome pattern from sperm, the MBT stage of an early embryo will facilitate the expression of those genes from MBT and afterward. For example, all the 48 Hox genes, which are important for embryonic segmentation, are highly methylated in oocyte but unmethylated in sperm and MBT embryos. Additionally, the gene ontology analysis of the genes with differentially methylated promoters between different stages of embryos also supports that methylation programming can facilitate the early embryogenesis (24, 43) .
Genome-Wide DNA Demethylation in Mammals
During early embryogenesis after fertilization, genome-wide methylation programming occurs in mammals (FIGURE 2). The DNA methylome between oocyte and sperm is dramatically different in mice (52, 55) and humans (13, 51 ). The methylation level of sperm is ϳ80% in mice, and the level of oocyte is ϳ50% (55) . Immunostaining results show that the paternal genome undergoes a dramatic loss of methylation in the mouse zygote (25, 50) . The demethylation of paternal DNA in the zygote happens before the DNA replication, so it is believed that the demethylation in the paternal genome is through active pathways (57) . Recently, this hypothesis was further supported by allelespecific and base-resolution DNA methylation maps (55) . But for the maternal methylome, its methylation level does not change significantly in the mouse zygote according to the image staining, and its level gradually decreases after cell division. In the past, it was proposed that the demethylation of maternal DNA was achieved through passive dilution by inhibiting the DNMTs during cell division (12, 18 -20, 57, 58) . However, analyses of the dynamic change at each CpG site do not support the passive dilution model (55) . Instead, the results illustrate that DNA demethylation in the maternal genome is also through active demethylation pathway at least in the embryos before the four-cell embryo stage. The global DNA methylation levels of both paternal and maternal genomes become ϳ20% at the blastocyst stage, which is also the lowest methylation level during early embryogenesis. After embryo implantation, the DNA methylation level gradually increases to ϳ0.73 in embryonic day 7.5 (E7.5) embryos through de novo DNA methylation (52, 55) .
During the mouse pre-implantation embryogenesis, most genomic elements are dramatically demethylated. However, some elements, such as intracisternal A-particle (IAPs), have more limited demethylation than other repeat elements, such as LINE, LTR, SINE, Satellite, etc. (37, 55) , suggesting that those regions may be important to retain the epigenetic memory from parents in mammalian pre-implantation embryos, as also reviewed elsewhere (8) . Until now, little is known about the causes and consequences of the DNA methylation memory for those IAPs in mammals. Several studies have suggested that the homologydependent DNA methylation possibly reflects a genome-wide defense mechanism against deleterious effects associated with transposable elements FIGURE 1. The programming and inheritance of parental DNA methylome in zebrafish early embryos
The paternal DNA methylation pattern is inherited by zebrafish early embryos, and maternal DNA progressively resets to the sperm pattern. Y-axis represents the relative DNA methylation level. A schematic diagram of the dynamic changes of 5mC in a differentially methylated regions between sperm and oocyte has been shown. Filled dots represent methylated CpGs, and open dots represent unmethylated CpG sites. (35) . Additionally, most germ-line imprinting control regions (ICRs) also escaped from global demethylation (55) . Through DNA methylation programming, maternal methylome and paternal methylome become very similar, except for ICRs in the inner cell mass of the blastocyst. Recent studies show DNA methylome reprogramming in human early embryos is similar to that in mouse embryos (13, 51) , suggesting conservation among mammals.
In mammals, genome-wide DNA demethylation also happens in primordial germ cells (PGCs) (15, 44, 47, 48, 53 ). PGCs, whose methylation level is as high as in somatic cells, start to differentiate in the epiblast at E6.5. PGCs initiate the first phase of DNA demethylation when they migrate toward the gonad around E8.5. At E10.5, almost all the genomic elements undergo significant demethylation, except for some elements such as IAPs and ICRs. Importantly, there is a second demethylation phase from E11.5 to E13.5 (11, 15, 47) . During this phase, almost all CpGs are demethylated (55) . Then, a sperm-or oocyte-specific methylation pattern is reestablished by de novo methylation during germ cell development.
Programming of ICRs in Mammal
Genomic imprinting is an epigenetic phenomenon by which certain genes can be expressed in a parent-of-origin-specific manner (1, 33) . Imprinted expression is often directly controlled by the differentially methylated regions between paternal and maternal DNA. Maternal ICRs, which are the regions with high methylation in maternal DNA and low methylation in paternal DNA, can silence gene expression from maternal genome, and as a result only the genes from paternal allele can express. Similarly, paternal ICRs can silence gene expression from paternal genome. ICRs can be classified into germ-line ICRs (gICRs) (44) and somatic ICRs (sICRs) (16, 17, 27, 41, 42) . The allelespecific methylation status of gICRs is established during gametogenesis [germline DMRs (gDMRs)], which is maintained throughout the development. However, gICRs undergo demethylation during PGC development (44) . It has been shown that Tet methylcytosine dioxygenase 1 (Tet1) plays an important role in the gICRs demethylation during the development of PGCs (59) . It is necessary to erase FIGURE 2. The programming and inheritance of parental DNA methylome in mouse Two waves of genome-wide demethylation in mammals is required for generating ICRs in the next generation (F0 to F1). A schematic diagram of the dynamic changes of 5mC in a maternal imprinted region is also showed. Filled dots represent methylated CpGs, and open dots represent unmethylated CpG sites. Meanwhile, 5hmC and 5fC present in both maternal and paternal genomes, although the relative modification is much lower than 5mC. Genome-wide demethylation is mainly through active demethylation in both paternal and maternal genomes, which is independent of the passive dilution of 5mC or its oxidized derivatives. ICRs, imprinting control regions. Y-axis represents the relative DNA modification level. Red and black lines represent the relative 5mC level in paternal and maternal DNA, respectively. Dashed red and black lines represent the relative level of 5hmC plus 5fC in paternal and maternal DNA, respectively. the parental allele-specific DNA methylation of the ICRs in PGCs, then establish paternal and maternal-specific methylome, including ICRs, according to the sex of the next generation (FIGURE 2). Although the sICRs are not differentially methylated regions between sperm and oocyte, they become parental allelic-specific methylated regions, often in a tissue-specific manner. The sICRs also undergo DNA demethylation during PGC development (55).
Mechanisms of DNA Methylation Programming
DNA methylomes between sperm and oocyte are significantly different in both mammals (52) and zebrafish (24, 43) . During early embryogenesis, paternal methylome and maternal methylome become similar, except at specific regions, such as ICRs. However, mammals and zebrafish use different models to achieve the equivalence. In mammals, the current evidence supports that paternal genome undergoes rapid erasure of 5mC in zygote through active demethylation (40) . However, the enzymes capable of actively removing methyl groups on cytosines have not been identified thus far. Until recently, it was found that TET enzymes can mediate the oxidative modifications of 5mC to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC), which may facilitate the demethylation of 5mC in mouse pre-implantation embryos (14, 18, 19, 21) . Meanwhile, the 5caC can be specifically recognized and excised by thymine-DNA glycosylase (TDG) (7, 28) in ESC, but there is no evidence that the TDG pathway is responsible for the active demethylation in mouse early embryos. Recently, single-nucleotide resolution and allele-specific 5mC, 5hmC, and 5fC have been performed in mouse two-cell embryos (55) . Meanwhile, the relative 5CaC level is also checked by immunostaining. The results show that 5mC oxidized bases present in both paternal and maternal genome. But the amount of 5hmC and 5fC is much less than the 5mC amount in two-cell embryos, indicating the DNA demethylation is not through the passive dilution of the oxidative cytosines (55) .
During mouse early embryogenesis, many regions escape from demethylation, especially ICRs. It has been shown that a few imprinting control regions in the paternal genome is protected from DNA demethylation programming by Stella (also known as PGC7 or Dppa3), which is also associated with H3K9me2 by locus-specific bisulfite sequencing (38, 39) . However, the exact mechanism of how Stella distinguishes the exact locus still remains largely unknown.
In zebrafish, there is no genome-wide demethylation, and 5hmC is not involved in the DNA demethylation in zebrafish early embryo either (24) . Instead, the DNA methylome of the paternal genome remains stable after fertilization, and both oocyte-specific hypermethylated regions and hypomethylated regions progressively reset to sperm pattern upon specification to the MBT stage of embryos at the same rates (24) . These results suggest that the whole maternal methylome could reset to sperm pattern uniformly throughout the entire genome depending on cell replication during zebrafish early embryogenesis (FIGURE 1). Although the molecular mechanism still remains unknown. It seems the materials from sperm nuclear is required for early development since sperm nuclear transfer can drive the androgenetic development, but either SrCl 2 stimulation or oocyte nuclear transfer cannot drive the gynogenetic development (24) . However, the intact sperm genome is not required since UV-exposed sperm can still stimulate the DNA methylation reprograming (43) . Further experiments are needed to elucidate how embryos control the switch from maintaining oocyte methylome to replace it with sperm methylome later on. Additionally, future research should focus on how early embryos distinguish maternal DNA from paternal DNA during the programming and inheritance of the DNA methylome from parents, and whether the chromatin assembly or noncoding RNAs will facilitate this process.
The Evolutionary Comparison of Methylation Programming and the Generation of Genomic Imprinting
In the animal kingdom, most animals undergo in vitro fertilization and embryonic development except for some eutherian mammals. In placental mammals, the embryos develop in the placenta within the mother's uterus. Interestingly, genomewide demethylation is also only found in mammals. Other vertebrate species such as zebrafish and Xenopus lack genome-wide demethylation (5, 26, 29) . In mammals, two-wave, genome-wide demethylation is observed during gametogenesis and early embryogenesis (10, 12) . Apparently, genome-wide demethylation is required only for mammals but not for all other vertebrates. Perhaps, mammalian genome-wide demethylation associates with the placental viviparity.
Another unique feature in placental mammals is the existence of genomic imprinting, which has not been found in any other animals. Genomic imprinting has been believed to control the embryo's size in the mother's uterus (45) . The maternal imprinted genes (paternal expressed genes) tend to be growth promoting to gain greater fitness through the success of the offspring, at the expense of the mother; whereas the paternal imprinted genes (maternal-expressed genes) tend to be growth limiting to conserve resources for her own survival while providing sufficient nourishment to the litters (22, 36) , such as Igf2 vs. Igf2r (32) . In contrast, animals whose embryonic developments happen in vitro do not need the imprinting to control the embryo's size, such as in zebrafish.
To establish the ICRs, Stella is used to protect the ICRs from genome-wide demethylation (39, 56) . In addition, it has been shown that Tet3 has the sequence specificity that cannot target Stella binding regions. Thus the ICR is protected from Tet3-mediated oxidation through Stella binding in mouse pre-implantation embryo (2). Wang et al. also demonstrated the sequencing selectivity during genome-wide demethylation of early embryos (55) . Therefore, genome-wide demethylation combined with sequencing selectivity can allow the ICRs to be maintained during mammalian methylome programming (as shown in FIGURE 2). In contrast, no genome-wide DNA demethylation happens during zebrafish early embryogenesis, and maternal genome uniformly progressively resets to sperm methylome pattern (24) . Almost identical DNA methylomes have been identified between sperm and the MBT stage of the embryo (24, 43) , which further supports that the programming strategy of zebrafish cannot allow the generation of the parental allele-specific DMRs (as shown in FIGURE 1 ).
In summary, evolutionary comparisons of methylation programming between mammals and other vertebrates, such as zebrafish, indicate that two waves of genome-wide demethylation are required for setting up genomic imprinting in mammals, which facilitate the embryonic development in the placenta.
Conclusions and Perspectives
Recent evidence in zebrafish show the DNA methylome of sperm can be inherited by offspring. This suggests that epigenetic information in addition to DNA sequence might be as important as genetics in organismal evolutional biology, although, in mammals, genome-wide DNA demethylation takes place early in embryos and PGCs. Evolutionary comparisons between mouse and zebrafish indicate the functional role of DNA methylation inheritance in embryogenesis, such as the establishment of germ-line imprinting in mammals. Further exploration of the methylome programming and inheritance in animals at different evolutionary entities is needed to elucidate the functional role of DNA methylation in animal evolution. Technologies such as base-resolution mapping of 5mC and manipulation of the epigenetic state of 5mC at specific loci (34) should also accelerate the development in this field. In addition, it is still need to be determined whether the epigenetic variations induced by environmental stress can transfer to the next generation and contribute to evolution in animals. Ⅲ 
